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In this study, the teeth of the Carcharodon carcharias (Great White) and the
Galeocerdo cuvier (Tiger) sharks were analyzed to examine their optimized structureproperty relationships and edge serrations with regards to shearing. Structure-property
analysis was conducted using scanning electron microscopy (SEM), energy dispersive Xray spectroscopy, X-ray diffraction, and optical microscopy to study the teeth using
parametric optimization. Quantifying the structural properties also focused on the tooth
serrations, which were captured in SEM and micrographs and were analyzed for
geometric parameters using ImageJ software. Nanoindentation was performed to
determine the material's mechanical properties. Further, finite element analysis (FEA) of
the sharks' teeth serrations were carried out to quantify the optimum shearing
performance of each serration type – zeroth (no serrations), first (a single array of
serrations), and second (a secondary array of serrations upon the first array) order
serration. Here, serration order, bite velocity, and angle-of-impact for ascertaining sharks'
teeth shearing performance were analyzed. FEA results showed that serrated edges
reduced the energy required to pierce and shear materials as the angle of penetration

moved away from perpendicular to the surface. These bioinspired findings will help
advance the design and optimization of engineered cutting tools.
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CHAPTER I
INTRODUCTION
Studying the properties of naturally occurring materials and structures often
enables scientists to find unique natural attributes that can be used to improve everyday
materials and structures, which allows the design of better devices (Liu and Jiang, 2011).
This line of research has already contributed to a range of designs including a six-legged
robot that can run fourteen body lengths per second (Hoover et al., 2010) and materials
that can completely change their properties in response to external stimuli (Xia and Jiang,
2008). One excellent source of natural inspiration can be found in sharks, which have a
wide diversity of attributes to suit each species’ unique ecosystem (Moyer and Bemis,
2017). In the past, many studies focused on different aspects of shark anatomy to better
understand these creatures (Ferrara et al., 2011; Heithaus, 2001). Several studies focused
on the jaw, detailing everything from macro to micro-structures therein (Andreev, 2010;
Daculsi and Kerebel, 1980; Whitenack and Motta, 2010; Whitenack et al., 2010). The
more macro-focused of these studies targeted the jaw mechanics, such as the forces
produced during biting, and how they related to dietary preferences (Huber et al., 2005;
Wroe et al., 2008). Frazzetta (1988) focused more on microstructures and observed the
shearing ability of shark teeth nearly thirty years ago and correlated that ability to the
geometries of the teeth. These geometries greatly varied between species, with
differences in both the serrated edges and overall tooth shapes (Frazzetta, 1988). He also
1

observed that teeth with no serrations were more efficient at piercing, while serrated teeth
were better for shearing (Frazzetta, 1988). He attributed each tooth's efficiency to
serration-based friction, where serrated teeth had larger friction coefficients than nonserrated teeth, which allowed sharks with serrated teeth to transfer more of their available
bite force into penetrating their prey (Frazzetta, 1988). Frazzetta (1988) determined the
efficiency of each shark tooth by measuring the normal and resultant forces required to
penetrate materials of varying hardnesses by different species' teeth and reported on how
those penetration forces were affected by each tooth's coefficient of friction. Similarly,
recent biomimicry research by Jia et al. (2013) demonstrated that by altering a cutting
blade’s serrations, the energy required to saw through materials could be reduced, thus
improving the efficiency of the blade. The reduction in energy required to saw through a
material led to a decrease in erosion of the blade's serrations (Jia et al., 2013). The
efficiency of the blades was measured by comparing the energy (in Joules) required to cut
through a corn stalk by each type of saw blade (Jia et al., 2013). These energy
measurements were found by calculating the area under the curve for the force during
cutting versus the blade's displacement (Jia et al., 2013). Other work, by Anderson and
Rayfield (2012), shows that there is also an optimized angle for shearing edges. Those
optimized angles were found by measuring the energy required to cut through a material
by a v-shaped guillotine blade, where the v-shape is the altered angle, using similar
energy calculation methods to those of Jia et al. (2013) (Anderson and Rayfield, 2012).
The results of the experiments found that the most efficient angle, in terms of strain
energy, for blades penetrating hyperelastic materials was somewhere between 150 and
155 degrees (Anderson and Rayfield, 2012). They noted that the optimal angle was also
2

dependent on the impacted material's mechanical properties (Anderson and Rayfield,
2012).
To further understand how the materials of the shark teeth may affect shearing
ability, recent biomechanical research surrounding sharks focused on quantifying the
material properties and chemical compositions of shark’s teeth (Chen et al., 2012; Enax
et al., 2012, 2014; Lübke et al., 2015; Whitenack et al., 2011). These studies supply
supporting information to the mechanical property research and help explain the hardness
and durability of the materials. Further, the data gathered in the aforementioned studies
aid in the understanding of how different shark species utilize their different teeth
morphologies while feeding as well as the angles and velocities at which teeth penetrate
prey.
Combining aspects of previous research, such as sharks’ jaw mechanics and
cutting blade serration optimization, grants the ability to further examine the
morphometric effects of these naturally occurring geometries. One application that has
great potential for bioinspired design with regard to shark teeth is optimizing blade
serrations. As Moyer and Bemis (2017) showed, shark teeth serrations and bite force of
different shark species teeth can be attributed to each species’ diet. As an example,
Moyer and Bemis (2017) stated that the teeth of the Galeocerdo cuvier, or Tiger shark,
contain a notch along one of the edges of their teeth, which creates a stress concentration
point, allowing for easier shearing of the tough materials that some of their prey (e.g.
hard-shelled sea turtles) exhibit. Due to the different diets between species of sharks, the
serrations of their teeth vary between species and range from simple to complex. Herein,
for clarity, the serration types have been broken down into categories based on levels, or
3

iterations, of serrations and referred to as “orders”. These serration orders can be better
described by the natural examples shown in Figure 1.1. A zeroth order of serration
(Figure 1.1a) is equivalent to no serrations, as seen in the shark species Isurus
oxyrinchus, or Shortfin Mako (not examined in this paper). Serrations of the first order
(Figure 1.1b) are the most common form of serrations on shark teeth, where an array of
serrations are observed such as those of the Carcharodon carcharias, or Great White.
Finally, second order serrations (Figure 1.1c) are best described as serrations that have
serrations, that is, an array of serrations on another array of serrations, which are
displayed by only one currently known species: the Galeocerdo cuvier, or Tiger shark
(Moyer and Bemis, 2017). While the prey and bite mechanics of these species are known,
it has yet to be shown, given these factors, that the serrations are optimized for the biting
scenarios they are exposed to.

4

Figure 1.1

Natural examples of serration order

Notes: (a) 0th order in the Isurus oxyrinchus, (b) 1st order in the Carcharodon carcharias,
and (c) 2nd order serrations in the Galeocerdo cuvier
To further examine the benefits of these distinct tooth serration geometries, this
research uses finite element analysis (FEA) to examine the stresses, strains, energy, and
damage resulting from shark teeth penetration. It is hypothesized that serrated edges with
higher orders of serration will be more efficient at cutting materials when penetrating at
lower velocities and steeper angles. This research combines the information gathered
5

from experimental and computational analyses of the Great White and Tiger shark’s teeth
to provide a detailed understanding of how their physical properties affect shearing forces
produced during material penetration. To the author’s best knowledge, this would be the
first time the morphometrics of shark tooth serrations are analyzed to determine if they
are naturally optimized or if certain parameters (e.g. serration order) can be altered to
make a more efficient serrated edge.

6

CHAPTER II

MATERIALS AND METHODS
2.1

Sharks’ Teeth Procurement and Sample Preparation
Teeth from two shark species were examined in this study, the Carcharodon

carcharias (Great White) and the Galeocerdo cuvier (Tiger). Six Great White shark teeth
(n=6) and five Tiger shark teeth (n=5) were examined in this study. The teeth were
examined using microscopy, image analysis, mechanical testing, and finite element
analysis. Intact, dehydrated samples were obtained through generous donation by Dr.
Gordon Hubbell (Jaws International, Gainesville, FL, USA). All tests were performed
under ambient conditions. The geometries were examined using scanning electron
microscopy (SEM) and optical microscopy (OM). Figure 2.1 details the morphological
terms used to describe the teeth's geometries. Most of the terminology refers to the
crown, or blade, of each tooth and the serrations along the edges (both, mesial and distal),
as illustrated in Figure 2.1. The mechanical properties of the teeth were examined using
energy dispersive X-ray spectroscopy (EDS) and nanoindentation. Prior to SEM imaging,
intact teeth samples from both species were sputter coated using a Polaron SC7640
Sputter Coater (Quorum Technologies Ltd., Lewes, United Kingdom). The sputter
coating consisted of a gold/palladium, Au/Pd, mixture and each sample was coated for
120 seconds to ensure complete coverage and reduced charging while imaging in the
7

SEM (Kim et al., 2010). In addition, conductive carbon tape and silver paint were added
to the teeth samples to increase imaging quality.

Figure 2.1

Morphological terminology

Notes: (a) Carcharodon carcharias and (b) Galeocerdo cuvier teeth from a lingual
viewpoint

2.2

Scanning Electron Microscopy (SEM)
A Zeiss EVO 50 (Carl Zeiss Microscopy, LLC, USA) SEM was used to image

various locations on the root, crown, and serrations to analyze the variances in exterior
morphology of the teeth. ImageJ (Schneider et al., 2012), an image processing software,
was used to determine tooth and serration sizes, ratios, and tip angles from obtained
images. Following the exterior imaging, a separate tooth (for each species) was broken to
analyze the fractured surfaces (Figure 2.2a,b). Additional samples of both species’ teeth
8

were cut in precise locations (Figure 2.2c,d) using a Struers Minitom (Struers Inc.,
Cleveland, OH, USA) to examine non-fractured interior surfaces. The fractured and cut
samples were prepared and imaged using the same procedure described for whole teeth

Figure 2.2

Fractured and cut tooth specimens

Notes: (a) Whole and (b) fractured Carcharodon carcharias specimen and (c) whole and
(d) precisely cut Galeocerdo cuvier specimen

2.3

Energy Dispersive X-Ray Spectroscopy (EDS)
Following the SEM imaging, the precisely-cut samples of both species were

analyzed using EDS to determine the chemical composition at different locations along
9

the enamel (Figure 2.3). The locations of interest were the enamel closer to the root and
the enamel closer to the serrated edge (moving basal to mesial, respectively). The
differences in enamel closer to the blade surface and closer to the interior dentin were
also compared. This process determined if there were any variations in chemical
composition throughout the enamel in either direction.

Figure 2.3

Diagram of EDS locations

Notes: Carcharodon carcharias tooth specimen

2.4

Nanoindentation
To analyze the mechanical properties of the teeth, nanoindentation was

performed. This testing determined the enamel’s hardness and reduced modulus of both
species’ teeth. The locations of where the indentations were performed can be seen in
Figure 2.4. These tests were conducted on a Hysitron TriboIndenter (Hysitron, Inc.,
USA) using a Berkovich (pyramidal) diamond tip. Unlike the teeth samples prepared for
SEM, these samples were cold-mounted in epoxy resin using traditional techniques and
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polished using a Labpol polisher (Extec Corp., USA). Polishing procedures for bone and
teeth samples were used. The nanoindentation loading was increased linearly from 0 to
1000 µN over a five second interval, followed by a five-second hold at 1000 µN, and
completed with a linear decrease from 1000 to 0 µN over a five second interval. This
method was similar to that used by Chen et al. (2012), which was used as a comparative
study. During nanoindentation, hardness and reduced modulus were calculated using the
Oliver and Pharr analysis (Oliver and Pharr, 1992), where hardness (H) can be calculated
by:
�=

�$
�

(2.1)

Where Fm is the force magnitude and A is the area of contact of the indenter tip. This area
of contact, for a Berkovich tip, is defined as:
� = 24.5�$ +

(2.2)

Where Um is the displacement magnitude. To find the reduced moduli of the teeth
samples during nanoindentation, the contact stiffness must be found first. The contact
stiffness is calculated by:
�- =

��$
2
=
�1 �
��$
�

(2.3)

where Er is the reduced modulus of the specimen. Eq. (2.3) can then be rearranged to give
the formula for reduced modulus:
�+
1
= 1−
�1
�

�+
+ 1−
�
567-8$79
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(2.4)
89;79<71

where E is the elastic modulus and � is the Poisson's ratio for either the specimen or the
indenter tip, as prescribed by the subscript in Equation 2.4.

Figure 2.4

Diagram of nanoindentation locations

Notes: Performed on a Carcharodon carcharias tooth specimen.

2.5

Finite Element Modeling
Teeth design and finite element (FE) testing were done using the software

programs Matlab® (The MathWorks, Inc., Natick, MS, USA) and Abaqus® (Dassault
Systèmes, Providence, RI, USA), respectively. Once the material properties, tooth
morphometries, and serration morphometries of both species’ teeth were found, they
were used to create a two-dimensional (2-D) FE model of the teeth. This was done in two
stages; the first stage was creating a 2-D simulated model of each species’ tooth, and the
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second stage was implementing the mechanical properties (found from nanoindentation)
into the FE models.
In order to create 2-D simulated tooth models, the program Matlab was used to
create a graphical user interface (GUI) that allowed the user to create a 2-D, tooth-shaped
surface and alter morphometric variables of the tooth geometry, including blade angle,
width (at the base), number of serrations on each side, tip angle of the serrations, shape of
the serrations, and the order of serrations (Figure 2.5a). Once the geometric variables
were set, the 2-D “tooth” could be exported as an ACIS (SAT) CAD file. This file was
then imported into Abaqus/computer-aided engineering (CAE)TM, which allowed the 2-D
tooth to be converted into a “meshed” FE model part (Figure 2.5b).

13

Figure 2.5

Flowchart depicting the process of creating a “tooth” part

Notes: Starting from the (a) Matlab function to generate and export an ACIS SAT file of
serrated shark tooth geometry, to (b) importing the SAT file as a part into Abaqus CAE
14

and meshing the object, and finally (c) combining the tooth and ballistic gelatin parts
together as an assembly in Abaqus for finite element modeling (FEM)
When determining the simulated tooth part type, the differences in the model
materials (enamel and ballistic gelatin) was taken into account. Because enamel was
much harder than ballistic gelatin, four 2-D tooth FE parts were created to determine how
much the tooth part’s material properties affect the simulation results. The four parts
consisted of two with the mechanical properties of enamel (one with zeroth order
serrations and one with second order serrations) and two identical rigid body
counterparts. These two parts were subjected to two significantly different simulations:
zeroth order serrations at a 0-degree impact angle travelling at 100 mm×s-1 and second
order serrations at a 60-degree impact travelling at 500 mm×s-1. Both simulations were
conducted once with deformable model parts and again with “rigid body” shark teeth
parts. A description of this comparison and the results can be found in Appendix B. Due
to the lack of difference between the two types of parts, the rigid body part type was
chosen and implemented in every subsequent simulation. In total, 27 simulations were
conducted which had three main dynamic variables. Other variables, such as material
properties and coefficients of friction, which are description in the following sections,
were kept consistent throughout every simulation. The three dynamic variables, which
were not consistent throughout, were the angle of the tooth impact, velocity of the tooth
impact, and the order of serrations on each tooth.

15

2.5.1

Angles of Tooth Impact
The three impact angles were 0 degrees (perpendicular to the penetrating surface),

30 degrees, and 60 degrees from the surface of the ballistic gelatin (Figure 2.6). Only one
tooth blade shape was chosen (that of the Great White) to focus on the effect of the
tooth’s serrations and not the overall morphometry. The angles chosen, however, covered
a large degree of common penetration angles and provided enough variation in the
simulation data that no other degrees were needed. The maximum angle (60 degrees) was
chosen because it was the steepest possible angle at which the tooth model would not
initially overlap the ballistic gelatin model when the tooth tip was placed 1 mm from the
surface (a consistency kept throughout all simulations). At each angles of impact,
multiple velocities were tested.

2.5.2

Tooth Impact Velocities
The velocities of the impacts were chosen to be 100 mm×s-1, 300 mm×s-1, and 500

mm×s-1. Velocities were chosen based on data gathered from multiple sources (Whitenack
et al., 2010; Corn et al., 2016) and attempted to replicate natural shark bite velocities. The
high-end velocity, 500 mm×s-1, was just above the 460 mm×s-1 value found for
carcharhinid sharks (e.g. Tiger shark) (Whitenack et al., 2010). The low-end velocity, 100
mm×s-1, was slightly below the values found by Corn et al. (2016), who established that
certain sharks bite into their prey as slow as 150 mm×s-1.

16

2.5.3

Tooth Serrations
The final variable to be considered in these simulations was serration order. Three

serration shapes were tested (Figure 2.6): no serrations (zeroth order), triangle serrations
(first order), and triangle serrations (second order). Their size was dependent on the
number of serrations that were applied to each side of the tooth and the angle chosen for
the serrations. Following the previously mentioned analysis of the teeth geometries (SEM
and ImageJ), the number of primary serrations was chosen to be 50 per side, or the
average number found in nature on the teeth of the Great White. The secondary serrations
were set to 10 per side (for each of the 50 primary serrations), which is similar to the ratio
found in the Tiger shark. The tip, or blade, angle was chosen to be 50 degrees, as occurs
naturally for Great White’s teeth. The serration angles were also 50 degrees. These values
were kept consistent for all simulations.

Figure 2.6

Finite element angles of impact and serration morphometries

Notes: Impact velocities of (a) 0 degrees, (b) 30 degrees, and (c) 60 degrees, as well as
the three tooth serration geometries, (d) zeroth order serrations, (e) first order serrations,
and (f) second order serrations
17

2.5.4

Element Types and Boundary Conditions
To simulate the penetrating and shearing action, the tooth shape was displaced

into a simulated 2-D block of ballistic gelatin (Kwon and Subhash, 2010; Wen et al.,
2013). This part was large, relative to the tooth, and the material was chosen because it
has been shown to be an appropriate surrogate for human tissue in previous literature
(Cronin and Falzon, 2011). The material properties for the ballistic gelatin used in this
model were gathered from Kwon and Subhash (2010) and Wen et al. (2013). The final
ballistic gelatin material was an elastic-plastic model with an initial elastic modulus (E)
of 0.25 MPa, a Poisson’s ratio of 0.4, and a density of 1030 kg/m3. The ballistic gelatin
model is made up of close to 350,000 four-node, plane strain (CPE4R) elements with
element deletion enabled. Four-node, plane strain infinite elements (CINPE4) neighbored
the interior CPE4R elements along the top, bottom, and rear edges with element deletion
disabled. The number of elements used in the model was chosen following a mesh
refinement study (Figure 2.7) that showed that there was no significant difference in the
output data between 350,000 elements, 800,000 elements, and 1,300,000 elements, that
is, the FE solutions converged at 350,000 elements. The primary purpose of the CINPE4
elements was to simulate an infinitely large ballistic gelatin surface, which eliminates
additional stresses caused by the boundary conditions. To properly simulate material
damage to the gelatin, the elements were deleted based a Johnson-Cook damage criterion
to define element failure at a plastic strain (εp) of 0.6. This Johnson-Cook damage
criterion (JCCRT) was used for element deletion in the model. The large gelatin block
was also restricted to no displacement, U, or rotation, UR, (U1 = U2 = UR1 = UR2 = 0)
18

along the rear vertical edge and the top and bottom horizontal edges were restricted to no
rotation and only allowed to move along the x-axis (U2 = UR1 = UR2 = 0). The tooth
parts were given a set translational velocity (pre-defined field) at a set angle. A surfaceto-surface contact parameter was applied between the exterior edges of the tooth part and
a node-set of all non-infinite ballistic gelatin element nodes. The contact between the two
surfaces consisted of a penalty contact method with a coefficient of friction set at 0.25.
This friction coefficient was chosen based on the work of Czerner et al. (2015). The other
simulation parameters altered were the incident angle and velocity of the tooth part.

Figure 2.7

Mesh refinement study

Notes: Average strain energy versus displacement results, where the models were used
with varying numbers of elements: 300,000 elements (solid line), 800,000 elements
19

(dashed line with circle markers), and 1,300,000 elements (dotted line with triangle
markers)
The model was subjected to all of these parameters to determine the forces and
energy generated by tooth penetration into the ballistic gelatin. The data exported from
these simulations consisted of principal stresses, principal strains, displacements, and
strain energy. Python (Python Core Team 2015, Python Software Foundation) was used
to average simulation output data (from non-deleted elements in the ballistic gelatin part).
The averaged data was then passed to Matlab, which was used to graph the results.
Finally, those results were broken down into the highest priority parameters and
compared to find the ideal penetration scenarios for each serration geometry.

20

CHAPTER III
RESULTS
3.1

Scanning Electron Microscopy
Figures 3.1 and 3.2 show SEM images of completely dehydrated (due to extended

time in storage) teeth from the Carcharodon carcharias (Great White) and Galeocerdo
cuvier (Tiger) sharks, respectively. No hydrated specimens were examined because of the
insignificant effects that hydration has on enamel's mechanical properties (Chen et al.,
2012). Both teeth showed a distinct exterior morphology change at the intersection of the
root and the crown. The exterior structure of the root can be described as porous and
uncompressed, while the exterior crown consisted of a densely packed, crystalline
microstructure that contained no pores. The outer edges of the Great White shark’s tooth
were linear and contained no notches, creating an apical tip that was not angled distally or
mesially. Its serrations were evenly spaced and consistently sized along both edges of the
tooth and were all first-order serrations. The edges of the Tiger shark’s tooth, by contrast,
consisted of a notched distal edge and shoulder, forming an acute notch angle, and a
rounded mesial edge, which induced an apical tip that was angled distally. Its serrations
were more complex, consisting of larger first-order and smaller second-order serrations
on the mesial edge, larger second-order serrations on the distal shoulder, and smaller
first-order serrations on the distal edge. Results of ImageJ analysis (Table 3.1) showed
that while the serrations vary in size between each species, there were commonalities in
21

their width-to-height ratios. An example of how the serration’s width and height were
measured is shown in Figure 3.1a and Figure 3.2a.

Figure 3.1

SEM images of a Carcharodon carcharias tooth

Notes: Images of the (a) serrations, (b) root, and (c) crown. Also depicted are locations of
the mesial edge (ME), distal edge (DE), serration width (W), and serration height (H)
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Figure 3.2

SEM images of a Galeocerdo cuvier tooth

Notes: Images of the (a) serrations, (b) root, and (c) crown. Also depicted are locations of
the mesial edge (ME), distal notch (DN), distal shoulder (DS), serration width (W), and
serration height (H)
While the external structures showed little similarity, the SEM images of the
teeth’s internal structures showed that they were more closely related. The fractured and
cut surfaces of both teeth had a similar compacted, crystalline structure composed of
enameloid near the tooth edges and serrations (Figure 3.3c and Figure 3.4c).
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Figure 3.3

Fractured Carcharodon carcharias tooth

Notes: Images of the (a) Great White shark tooth's interior (b) macrostructure, and (c)
microstructure

Figure 3.4

Cut Galeocerdo cuvier tooth

Notes: Images of the (a) Tiger shark tooth's interior (b) macrostructure and (c)
microstructure.
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Table 3.1

Tooth measurements for Carcharodon carcharias (Great White) and
Galeocerdo cuvier (Tiger) sharks.

Serration Measurements
Species
Width to Height
Order
Angle (degrees)
Ratio
C. carcharias 49.9 ± 0.3 0.80 ± 0.08
1st
1.37 ± 0.14
61.4 ± 12.9
st
108.0 ± 1.1 1.51 ± 0.15
1
2.15 ± 0.16
89.3 ± 5.7
G. cuvier
nd
2
5.53 ± 1.04
N/Aa
a
Serration feature indistinguishable from tooth morphometry.
Tooth Tip
Angle
(degrees)

3.2

Tooth Width
to Height
Ratio

Energy Dispersive X-Ray Spectroscopy and X-Ray Diffraction
The EDS method used in this study (Figure 2.3) allowed the chemical

compositions of the Great White and Tiger shark teeth to be distinctly profiled along the
entire lengths of the specimens’ enamel layer. The results of the chemical analysis
profiles (Table 2) showed little variation throughout either species. The enamels of both
teeth consisted of high levels of calcium and phosphorous, which are the major
components of fluorapatite (Daculsi and Kerebel, 1980). Using X-ray diffraction, it was
confirmed that the enamels of both species are entirely composed of fluoroapetite.
Table 3.2

Chemical composition of enamel in Carcharodon carcharias (Great
White) and Galeocerdo cuvier (Tiger) shark teeth.

Element Name
Calcium (Ca)
Phosphorous (P)
Fluoride (F)
Carbon (C)
Sodium (Na)
Oxygen (O)

Element Composition by Weight (%)
C. carcharias
G. cuvier
35.1 ± 0.30
33.2 ± 1.60
16.8 ± 0.40
18.1 ± 0.90
3.82 ± 0.09
2.58 ± 0.15
4.19 ± 0.11
5.05 ± 0.20
1.32 ± 0.09
1.03 ± 0.01
34.6 ± 0.90
33.1 ± 0.30
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3.3

Nanoindentation
The nanoindentation methods used in this study (Figure 2.4) were chosen to

create a detailed map of the enamel layer. Just as in EDS, the numerous single
indentations provided material property data (for the same material) near and away from
the root (basal to mesial, respectively), varying depths from the outer surface, and close
to serrations. This resulted in a more thorough understanding of the material variations at
each location. The results for hardness and reduced modulus for the enamel are shown in
Table 3.
Table 3.3
Species
C. carcharias
G. cuvier

3.4

Hardness and reduced modulus values for enamel in Carcharodon
carcharias (Great White) and Galeocerdo cuvier (Tiger) shark teeth.
Reduced Modulus (GPa)
91.3 ± 1.83
89.7 ± 1.79

Hardness (GPa)
3.58 ± 0.07
3.44 ± 0.06

Finite Element Analysis
Figure 3.5 shows the average strain energy produced in the ballistic gel versus

displacement magnitude of 50 mm for the tooth part. Figure 3.6 shows how the average
strain energy is altered by extending the displacement magnitude to 100 mm. Figure 3.7
shows the effects of each order of serration with the amount of damage (volume deleted)
accrued during the simulations. The volume of ballistic gelatin was calculated by
multiplying the area damaged by a unit thickness of 1, due to the model being 2-D. To
further expound on the strain energy values in the strain energy graphs, Figure 3.8
simplifies the data using the area under each curve (AUC), which is referred to as the
“cumulative strain energy”. Also, because there is no significant difference in AUCs
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when comparing simulations with different velocities (if they had the same angle of
impact and order of serrations), the cumulative strain energies for impact velocities of
500 mm×s-1 were used. For continuity, the colors used in Figure 3.5 – 3.8 are the same and
based on order of serration.
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Figure 3.5

Average strain energy in the ballistic gelatin models

Notes: Average strain energy plotted against the displacement magnitudes of the tooth
parts for finite element simulations with tooth impact angles of (a) 0, (b) 30, and (c) 60
degrees
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Figure 3.6

Average strain energy in the ballistic gelatin models

Notes: Average strain energy plotted against the displacement magnitudes for three
simulations, where the displacement has been increased from 50 mm to 100 mm.
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Figure 3.7

Average volumes of ballistic gelatin damaged by teeth

Notes: Results are from 500 mm×s-1 velocity simulations for (a) zeroth order, (b) first
order, and (c) second order serrations at 0, 30, and 60-degree impacts.
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Figure 3.8

Cumulative strain energy in the ballistic gelatin

Notes: Cumulative strain energy is defined as area under the curve of average strain
energy versus displacement. Here, each bar represents a different order of serration, with
a velocity of 500 mm×s-1, and all the bars are grouped by the tooth’s impact angle into the
ballistic gelatin
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CHAPTER IV
DISCUSSION
From multiscale morphometries to bite biomechanics, shark teeth provide a rich
source of bioinspiration to improve future engineering designs for cutting and shearing
blades. By examining and comparing differences in different species’ teeth and the
environment for which they are optimized, these differences can be used to optimize and
improve the effectiveness of these man-made tools. Each additional piece of information
gathered on sharks, whether it is their diet, jaw biomechanics, tooth morphometrics, or
material heterogeneities at multiple length scales, provides a better understanding of how
everything works together cohesively and efficiently. The data gathered on shark teeth’s
material properties and morphometries at different length scales in this research will add
even more value to the vast knowledge obtained on these creatures in the hopes that the
results can be used as an influential tool for bioinspired engineering in the future. While
the mechanical tests performed in this study furthered the knowledge surrounding
multiscale hierarchy of sharks’ teeth, the morphological properties examined played a
crucial role in understanding the serration performance of these teeth. Unlike the previous
studies of Frazzetta (1988) and Jia et al. (2013), which outlined the effects of serration
shapes on penetrating or shearing efficiency, this work goes further and shows the
structure-property relationships of the different shark teeth's and computational models
helped determine how those relationships affected the shark teeth's ability to penetrate
and shear materials. The main objective of this research was not only understanding how
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these properties influence the effectiveness of a cutting edge, but also if they could be
used to improve engineered cutting/shearing blades. A deeper insight into these
performance metrics, as a function of varying input conditions, is essential to designing a
more efficient bioinspired cutting/shearing blade.

4.1
4.1.1

Structure-Property Analysis
Structure
SEM imaging was crucial in evaluating the morphometries of the different shark

species (Figures 3.1 and 3.2). It exposed both similarities and differences in tooth
structure on the macro and micro-scales. One of the few areas where the Carcharodon
carcharias (Great White) and Galeocerdo cuvier (Tiger) teeth were similar was in their
exterior enameloid, which consisted of a compact, crystalline structure in both species
(Figures 3.3 and 3.4). While the interior crystalline structures of the enamel could have
an impact on dissipating forces during material penetration, only the exterior geometries
were examined towards that extent in this study. The SEM imaging, and subsequent
image analysis (using ImageJ), of the teeth exteriors showed two dramatically different
serration hierarchies (Table 1). Due to these serrations, the teeth of both shark species,
Great White and Tiger, are classified as cutting-type (or shearing-type) teeth (Moyer and
Bemis, 2017). Teeth belonging to species that do not have serrations, such as Isurus
oxyrinchus (Shortfin Mako), fall under the tearing-type because their cusped shapes are
utilized more for piercing into the prey rather than shearing the prey’s flesh (Moyer and
Bemis, 2017). However, the teeth of the Tiger shark, while classified as a cutting-type,
has both cutting and tearing aspects due to possessing both cusped and serrated edges.
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This allows them to penetrate prey with mineralized exoskeletons, such as turtle
carapaces (Moyer and Bemis, 2017). The presence of the second order serrations on their
teeth also reduces the pressure on each serration, allowing them to more easily slice
through mineralized exoskeletons without snagging on the dense material (Moyer and
Bemis, 2017). The teeth of the Great White do not have cusped edges or second order
serrations, leaving them more prone to ripping through the flesh of their prey. Partially
due to their size, they also tend to pursue larger prey that often have softer flesh, rather
than prey with hard carapaces targeted by the Tiger shark (Maddalena, 2009).
A closer examination of each species’ serrations showed that the two types of
teeth varied on multiple length scales. For the Great White teeth, the serration width-toheight ratio (Table 1) was similar to that of the overall width-to-height ratio of the blade.
The serrations were also consistent in size along both distal and mesial edges from root to
tip. The serration measurements in the Tiger shark’s teeth varied much more than those
of the Great White. The width-to-height ratios of the serrations differ not only on the
mesial and distal edges of the tooth, but also on how close or far away they are from the
tip of the tooth. The discrepancies in serration size, and natural erosion, led to a large
margin of error while taking measurements. It was also observed that neither of the
complex external geometries from the two species exhibited fractal or self-similar
patterns (Hutchinson, 1981) at any length scale. The existence of two very different tooth
geometries indicates that each tooth shape may be most effective for that species’ diet
and jaw biomechanics.
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4.1.2

Mechanical Properties
In contrast to the geometrical hierarchies, the chemical compositions and

mechanical properties of both shark species’ teeth were found to be closely related. Both
teeth have an exterior enameloid layer composed mainly of fluoroapetite, Ca5(PO4)F
(Table 2), as previously found by Enax et al. (2012). The presence of fluoroapetite sets
the teeth apart from other, more common materials typically found in mammalian teeth,
such as hydroxyapatite (Enax et al., 2012). Fluoroapetite has a higher hardness than
hydroxyapatite (12 GPa and 7 GPa, respectively), the main component in human teeth
(Enax et al., 2012). This translates to the shark teeth being composed of a material that is
harder than human teeth, although a recent study by Enax et al. (2012) measured hardness
values no higher than those of human teeth. This is because the shark’s teeth contained
fluoroapetite in an organic matrix, thus reducing its apparent hardness and aligning its
mechanical properties closer to those of hydroxyapatite. The fact that these materials
differ considerably on a nano-scale, but those differences do not translate to significantly
different material properties at the macro-scale potentially means that the material
properties do not play a significant role in diminishing forces during penetration. One
reason for the presence of fluoride in shark teeth, rather than increasing their hardness,
could be for protection from bacterial infection (Marquis, 1995).
Comparing the chemical composition of the shark teeth found during EDS back to
the mechanical properties (Table 3), there is a clear correlation between their hardness
and chemical composition, which is consistent with fluorapatite. The hardness and
moduli of both species’ enameloid are closely related due to the similarity in their
chemical compositions. Since the chemical composition of the enamel showed that the
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material properties of the two species’ teeth are nearly identical, an average value of their
properties were used for the finite element (FE) model.

4.2

Finite Element Analysis
A major benefit of using a FE model is that it allows for consistent testing of

similar instances, which provides a reliable way to isolate and test individual parameters
while maintaining all other parameters in the model. The adoption of a rigid body model
part also allowed for generating increasingly complex FE geometries without
exponentially increasing the number of elements in the model. To further reduce
geometry complications, the serrations in the FE model followed the same width-toheight ratios found in the Great White for the 1st order serrations and then the ratios of the
Tiger shark for the second order (Table 1). The overall shape of the FE tooth part was
kept consistent regardless of serration order (Figure 2.6d-f).
When separating the simulation results into comparable groups, the impact angles
were chosen as the separatory factor for multiple reasons. One reason is that it was the
only model variable that led to varying depth of penetration (Figure 2.6a-c). The total
simulation time was altered in each simulation, so that the teeth parts always displaced
exactly 50 mm (magnitude) from the starting position to maintain consistency between
the FE models being compared. This meant that the maximum longitudinal depth of
penetration (not displacement) was 50 mm for 0-degree impacts, 43.3 mm for 30-degree
impacts, and only 25 mm for 60-degree impacts. Another reason the impact angles were
chosen was because as the angles increase, the amount of ballistic gelatin material above
and below the tooth part becomes asymmetrical. This asymmetry also meant that one
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edge of the tooth part is closer to the ballistic gelatin’s infinite boundary than the other,
leading to varying cumulative stresses and strains in models using differing angles of
impact. It was also discovered that an absence of infinite boundaries along the ballistic
gelatin part’s edges led to an increased number of stress waves rebounding and
propagating through the material, increasing the part’s cumulative stresses and strains.
Although the infinite boundaries prevented the stress waves from reverberating off of the
edges of the ballistic gelatin part, they also terminate areas of stress concentration at the
boundary line. This stress wave termination had no effect on comparing the effects of
varying orders of serration if the tooth impact angles were the same, but it did make those
effects incomparable when comparing simulations using different impact angles.
To test serration order efficiency, a consistent performance metric was needed
that could be consistently compared across all simulations. Strain energy of the ballistic
gel was chosen as the variable to measure the simulated penetration efficiency for
multiple reasons. One reason is that a similar measure of efficiency was used by
Whitenack and Motta (2010) during puncture and draw tests of similar shark teeth, where
the teeth were inserted into a material and then drawn through it, and it proved to be an
accurate and distinct measure of shearing efficiency for different types of serrated edges.
Also, the ballistic gelatin was modeled as an elastic-plastic material, so the strain energy,
when investigated in conjunction with damage, should provide a better understanding of
the biomechanics of deformation paths. The results of the simulations show how the
strain energy evolves over time as the tooth part passes through the ballistic gelatin. The
strain energy versus displacement plot trends are highly dependent on the tooth parts’
geometries. Figure 3.5 shows that the strain energy trend changes drastically when
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comparing a part with zeroth order serrations and a part with first or second order
serrations. For all orders of serration, the strain energy initially increases uniformly in the
ballistic gelatin around the tip of the tooth part. This causes an exponential increase in
strain energy due to material compression. The exponential increase in strain energy
continues until the strain limit of the ballistic gelatin material is reached and material
damage negates the increase, which is observed only in the models containing tooth parts
with first or second order serrations. Figure 3.6a, which is for fractional damaged caused
by teeth (with zeroth order serrations) on the gelatin, shows that there is a low amount of
material damage, leading to a minimal decrease in strain energy accumulation, whereas
Figure 3.6b and c (teeth with first and second order serrations, respectively) show a large
amount of material damage, which causes a major decrease in strain energy
accumulation. As material damage increases, the increase in strain energy becomes more
linear, which slowly decreases towards planar as the damage increases, preventing further
compression.
The data in Figure 3.5a show that, at 0-degree impacts, the zeroth order tooth
parts slowly compress the ballistic gelatin material and the strain energy (in the ballistic
gel) exponentially increases as the tooth part penetrates further into gelatin. For first and
second order tooth parts, the compression occurs faster due to the serrated edges
displacing more material. The serrated edges also cause more damage, but not enough to
negate the additional strain energy added to the system. At 30-degree impacts, the data
trends in Figure 3.5b show that zeroth order tooth parts produce the same effects as the 0degree impacts, but the amount of strain energy added to the system over time is
increased due to the increased impact angle. The steeper angle causes faster compaction
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of the material without applying enough stress to cause damage. The first and second
order parts act similarly to those in the 0-degree impacts and, unlike the zeroth order, do
not add extra strain energy to the system. Finally, the data trends in Figure 3.5c show that
the zeroth order tooth parts perform the same as they do in the 30-degree impacts;
quickly compacting the ballistic gelatin, but not causing enough material deformation to
damage the material. The first and second order tooth parts, however, show the slopes of
the strain energy decreases towards the end of the simulations. This is likely caused by
the increased surface area of the ballistic gelatin being in contact with the serrations of
the tooth shapes, increasing the amount of shear stress at each serration tip causing
damage. This increase in damage subsequently causes a reduction in compaction, which
accounts for the decline in strain energy.
As they are, the trend of the 0-degree impact graphs show that the zeroth order
tooth parts require less energy to penetrate the ballistic gelatin than the first and second
order (Figure 3.7). It is also apparent that these impacts do not require any more or less
energy at higher velocities. At an impact angle of 30 degrees, the energy requirement for
all simulations was similar for all geometries and velocities, although the requirements
for first and second order are slightly lower at higher velocities. Based on the information
in Table 2, the bite mechanics of the Great White correspond closely to this tooth impact
angle. At an impact angle of 60 degrees, the results are the opposite of 0-degree impacts.
The first and second order parts require less energy to penetrate the ballistic gelatin than
the zeroth order, and less energy is required at lower velocities (Figure 3.7). A 60-degree
impact angle (Table 1) best represents the bite mechanics and tooth shape of the Tiger
shark. These findings suggest that the geometry and velocity of the tooth parts not only
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affect the energy required to penetrate and damage a material, but also that there is a
strong correlation between the serration order and their effects on reducing the energy
required during penetration.
The FE results described herein are valuable for designing blades with, or
without, serrated edges and can potentially help to produce blades that reduce the energy
required to shear (cut) materials. The reduction in energy can be attributed to an increase
in load sharing across the serrations which, in turn, leads to a reduction in serration
erosion. Jia et al. (2013) previously showed that altering a blade’s serrated edge (even in
a non-symmetrical pattern) can improve its effectiveness. This idea of being able to alter
minute parameters, such as serration order, of a serrated edge to improve its shearing
ability has far reaching potential, from improving household knives to optimizing
industrial saws.
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CHAPTER V
CONCLUSIONS
The current study found that shark teeth morphometrics, that is, the teeth
serrations, greatly affected the incurred damage in a material at the examined impact
angles and velocities. Here, tooth serration order (zeroth, first, or second), impact angle,
and velocities are taken into consideration. Several variables were shown to directly
affect the efficiency, or amount of energy required, of serrated blades to penetrate a
material. These variables were (in descending order of importance) the tooth parts’
serration geometry, impact angle, and impact velocity. Each of these properties played an
important part in replicating (to a certain extent) each shark species’ bite biomechanics.
By implementing multiple orders of serrations into the finite element (FE) models, the
benefits of each species could be examined to a greater degree. It was presumed that each
tooth shape could be better represented by altering the impact angle, rather than
implementing multiple teeth shapes, during the diverse simulation scenarios. In the
scenarios simulated in this study, a shallower impact angle (0-30 degrees, Figure 2.6a,b)
better represented the bite style of the Carcharodon carcharias (Great White) shark and a
steeper angle (30-60 degrees, Figure 2.6b,c) mimicked that of the Galeocerdo cuvier
(Tiger) shark. The wide range of velocities used in the simulations represented multiple
species of sharks as well (Corn et al., 2016). Of these three variables, serration geometry
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and impact angle definitively showed that they each affect the shearing efficiency of the
teeth.
In regard to the effect that the tooth parts’ geometry, angle, and velocity had on
the energy required to penetrate a soft material, there is conclusive evidence that the
geometries of the Great White and Tiger sharks’ teeth are optimized for each species’ diet
and tooth shape. By examining the data from the FE simulations (Figure 3.5), the optimal
conditions for each type of serration were examined in detail. According to previous
research of its jaw mechanics (Ferrara et al., 2011; Wroe et al., 2008) and Table 1, the
biting style of the Great White was described as medium-angled (30 degrees) and
traveling at a high velocity (around 500 mm×s-1). Relating these two factors (angle and
velocity) to the simulation data shows that the more efficient and geometrically simple
serrations for that scenario would be first order serrations (Figure 3.7). As for the Tiger
shark, its bite can be described as high-angled (60 degrees) at a low velocity (closer to
100 mm×s-1). Again, these attributes correspond to the data in Figure 3.7, which shows
that first or second order serrations are the more energy efficient geometry for penetrating
ballistic gelatin, or flesh-like, materials.
In summary, the data from the FE simulations show that serration geometry has a
significant impact of the effectiveness of serrated edges, where a steeper angle of impact
(30-60 degrees) was more effective at penetration with higher order of serrations, and a
shallow angle of impact (0-30 degrees) performed better with a lower serration order.
These findings substantiated the hypothesis that as the sharks’ bite speeds decreased and
angles of penetration increased, the serrations would play a greater role in reducing the
energy required to penetrate a material. Using this information, the serrations, or lack
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thereof, on blades (used in any capacity) can now be further optimized for their purpose
by altering the serration order based on the blade’s angle and velocity during use.

43

CHAPTER VI
FUTURE WORKS
In the future, this model will be improved upon to represent the anatomical and
morphological variations in the material properties and porosity of the sharks’ teeth. A
key aspect of the future work is to build 3-D models of sharks’ teeth with appropriate
material heterogeneities incorporated. These heterogeneities would make up a new shark
tooth model consisting of two sections: enamel and dentin. Having these two materials in
a single model would grant the ability to observe how a softer core can affect the tooth's
ability to absorb and distribute forces. Another feature to be added to the 3-D tooth model
is a greater variation in the serration. Instead of only testing orders of serrations, the
heights, widths, and shapes of each serration could be altered, allowing for further
investigations into serration efficiency.
Along with the 3-D tooth model, a new impacted material (instead of ballistic
gelatin) is planned to be made. The new material will consist of several sections, each
composed of unique mechanical properties. A multi-material model, such as one utilizing
materials such as skin, muscle, and bone, would allow for a better understanding of what
role serrations play in reducing the energy required to penetrate and shear harder
materials.
All of the proposed future works are working towards a common goal of finding
the most efficient serrated edge for any given scenario (impact angle, impact velocity,
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etc.). By charting the effectiveness of serrated blade efficiency, manufacturers would then
have the knowledge to use a specific blade (serrated or non-serrated) for a particular
application. This has the potential to reduce blade erosion and energy expenditure,
resulting in higher blade performance and lower costs of production. It is believed that all
of these future works would be a significant addition to the field of biomedical research.
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SUPPLEMENTARY TOOTH MEASUREMENTS
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Table A.1

Tooth serration width to height ratio measurements for the Galeocerdo
cuvier (Tiger) shark.

Order
st

1
2nd

Table A.2

Species

Mesial Edge

Distal Edge

Distal Shoulder

1.81 ± 0.06
3.13 ± 0.47

1.71 ± 0.03
N/A

1.93 ± 0.06
4.07 ± 0.56

Tooth measurements for the Carcharodon megalodon (Megalodon) shark.
Tooth Tip
Angle
(degrees)

Tooth Width to
Height Ratio
Order

Serration Measurements
Width to Height
Angle (degrees)
Ratio

C.
52.1 ± 0.1a
0.78 ± 0.02a
1st
2.26 ± 0.50
83.3 ± 5.19
megalodon
a
Measurements from single specimen measured from lingual and labial viewpoints.
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FINITE ELEMENT DEFORMABLE SOLID AND RIGID BODY COMPARISON
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Following the transfer of material properties to the FE model, it was observed that
the elastic moduli of both enameloids are over 5 magnitudes higher than that of the
ballistic gelatin material used in the FE model (90 GPa and 0.25 MPa, respectively). This
led to the progression from using a deformable solid tooth FE part (with the appropriate
mechanical properties) to a rigid body, which has no material properties and is not able to
deform (Dassault Systèmes, 2014). The comparison of deformable solid parts versus rigid
body parts show that there is no significant difference in the average strain energy
produced by either type of part when placed under the same simulation conditions. The
resultant average strain energy versus displacement magnitude of all four simulations can
be seen in figure B1. No major difference was observed between the two types of model
parts, resulting in implementing only rigid body parts throughout the remaining
simulations.
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Figure B.1

Comparison study of four finite element simulations

Notes: This figure shows the effects of using deformable solid and rigid body model parts
(denoted as DS and RB, respectively, in the legend) on strain energy accumulation in the
ballistic gelatin part
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